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The fragmentation mechanism of tetraethyl ortho silicate and tetrapropyl ortho silicate was 
studied to determine if the consecutive alkene losses observed in their MS/MS daughter ion 
spectra were produced via a McLafferty rearrangement or by ion-neutral rearrangement 
mechanisms. The experiments were carried out using atmospheric pressure chemical ioniza- 
tion and low energy collision-induced dissociation. Deuteriurn labeling of the rposition 
provided evidence that the rearrangement mechanism of the successive alkene losses pro- 
ceeds predominantly via the ion-neutral complex mechanism. Because the energies imparted 
to the ions in this experiment are of the same order of magnitude as solution phase reactions, 
this mechanism may shed light on the formation of silica gels (e.g., aerogels) in that similar 
structures have been proposed as reaction intermediates in the polymerization of SiO,. Cl Am 
Sot Mass Spectront 1994, 5, 544-552) 
T etraethyl ortho silicate (TEOS) is used as the precursor in many hydrolysis and polycondensa- tion reactions for the preparation of silica gels, 
The reaction mechanism of silica gel formation is com- 
plex and incompletely determined. Previous studies 
used mass spectrometry to define possible reaction 
intermediates [l, 21. A better understanding of the 
solution phase chemistry of TEOS may be gained by 
studying the gas phase chemistry under atmospheric 
pressure chemical ionization (AFCI) conditions. Paral- 
lels can be drawn between the reactions in the gas 
phase (gas phase solvolysis) and reactions in solution 
13-51. In this study gas phase reactions involving TEOS 
and tetrapropyl ortho silicate (TPOS) with H30C and 
subsequent low energy collision induced dissociation 
(CID) reactions were used to study the fragmentation 
mechanism. 
Clarification on whether the ortho silicate fragmen- 
tation mechanism is a McLafferty rearrangement or the 
result of ion-neutral reactions may give insight into the 
formation of silica gels (e.g., aerogels) because similar 
structures have been proposed as reaction intermedi- 
ates in the polymerization of SiO, [l, 21. With the 
renewed interest in the synthesis of aerogels, it is 
hoped that by understanding these low energy gas 
phase ion-molecule reactions further insight into the 
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solution phase chemistry 
based gels can be gained. 
Experimental 
of the formation of silica 
A SCIEX trace atmospheric gas analyzer (TAGA Model 
6000E) triple quadrupole tandem mass spectrometer 
system equipped with a corona-discharge, APCI source 
was used [6, 71. With ambient air as the reagent gas, 
the positive reagent ions are H,O+(H,O), (n = O&S> 
where the relative abundance of the various oligomers 
depends on the partial pressure of H,O in the air. The 
reaction mechanism involved in the formation of these 
reagent ions has been described by Kebarle and co- 
workers [8]. A molecule can be ionized under these 
conditions if it has a gas phase basicity greater than 
that of water [9]. 
Table 1 summarizes the instrumental conditions 
used in this study. Even though the TAGA has only 
two mass analyzing quadrupoles, grand-daughter 
spectra can be obtained [7]. Using the interface region 
as the first collision cell and allowing the first mass 
analyzing quadrupole to pass the daughter ion of 
interest, the rf-only quadrupole becomes the second 
collision cell with the second mass analyzing 
quadrupole scanning (or selecting) the grand- 
daughters. The TAGA 6000E is different from the newer 
API’ III and API III+ models in that the 6000E is 
equipped with a “cluster buster” lens after the orifice 
and the RO quadrupoles are wire rods allowing for 
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Table 1. Summary of instrumental parameters 
Discharge current 3 CIA 
Orifice potential 4OV 
Rod offset 01 27 V 
Rod off set Q2 /Q3 1ov 
Collision energy, Elab, (OFGR2)’ 3OV 
Collision gas thickness (argon), molecules/cm2 
1 
Single Collision Regime 
Multiple Collision Regime 
Ionization Source Pressure 
Vacuum System Pressure (with collision 
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efficient gas removal. The TAGA 6OOOE’s collision cell 
(Q2) is an open configuration with wire rods. Previous 
work in our laboratory comparing the spectra gener- 
ated by the 6OOOE and API III showed that the pres- 
ence of the “cluster buster” produced ions with lower 
internal energy when all other ion source conditions 
are held constant. 
Figure 1. ARC1 tandem mass daughter ion spectrum of 
[M + HI+, mfi 209, from tetraethyl ortho silicate. 
Samples were introduced into the TAGA air stream 
by placing an open vial of the compound of interest at 
the inlet and having the instrument “sniff” the 
headspace of the vial. The H30+ reagent gas was 
generated from the normal humidity found in the 
laboratory air. Tetraethyl ortho silicate (99 + % purity) 
and tetrapropyl ortho silicate (98% purity) were pur- 
chased from Aldrich Chemical Co. (Milwaukee, WI), 
and used without further purification. A deuterated 
TEOS, (CD,CH,O),Si and deuterated TPOS, (CH,CD, 
CH,Ol,Si, were synthesized following the procedure 
outlined by Dearing and Reid [lo]. The appropriate 
deuterated alcohol was reacted with silicon tetrachlo- 
ride under dry nitrogen to form the deuterated tetra- 
alkyl ortho silicate. The deuterated ethanol, 
(CD,CH,OH), (98% purity), was purchased from MSD 
Isotopes, (Montreal, Canada), the deuterated propanol, 
(CH,CD,CH,OH), (98% purity), was purchased from 
Icon Services Inc. (Summit, NJ). Hydrogen and deu- 
terium NMR spectra of the synthesized deuterated 
compounds showed that the deuterium labels were in 
the correct position in the final products and no mixing 
of the hydrogens and deuteriums occurred during the 
synthesis. 
successive loss of ethylene appear to be the same 
species observed in the condensed phase reactions 
producing SiO, under acidic conditions as reported by 
Campostrinl et al. [l]. (Assuming that these species are 
the same, the determination of the fragmentation 
mechanism may lend insight into the mechanism in 
the formation of silica gels.) 
In the TP0S spectrum the daughter ions with m/z 
223, 181, 139, and 97 are the result of successive pro- 
pylene losses. The daughter ion m/z 79 in the TPOS 
spectrum is the result of a direct cleavage of a hy- 
droxyl moiety from m/z 97 and m/z 43 is a prote 
nated propylene group. 
Upon first interpretation of the spectra it appears 
that these molecules undergo successive McLafferty 
rearrangements which produce ions with m/z 181, 
153,125, and 97 for TEOS and ions with m/z 223, 181, 
139, and 97 for TPOS. Schemes I and II illustrate 
McLafferty rearrangements that correspond to the ob- 
served rearrangement ions for TEOS and TPOS. To 
confirm the existence of a true McLafferty rearrange- 
ment mechanism, Zollinger and Seibl [ll] suggested 
that the following criteria must be met: 
1. The macroscopic result must conform with a r 
hydrogen rearrangement in a six-member cyclic 
pm 
so 
m 
Results and Discussion 
Figures 1 and 2 are the MS/MS daughter ion spectra 
of the [M t HI+ ions for TEOS and TPOS. Tables 2 
and 3 give the proposed structures for the daughter 
ions in the spectra. The daughter ions with m/z 181, 
153, 125, and 97 in TE0S are the result of successive 
ethylene losses. The daughter ions of m/z 163, 135, 
119, 107, 91, 79, 63, and 29 in TEOS are the result of 
direct cleavages from the parent ion or from direct 
cleavage from a daughter ion of higher mass-to-charge 
ratio than itself. The daughter ions resulting from the 
Figure 2. AF’CI tandem mass daughter ion spectrum of 
IM + HI+, rnb 265, from tetrapropy1 ortho silicate. 
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Table 2. Proposed structures of daughter ions from 
TEOSIM + HI+ 
m /z structure 
209 Si(OCH,CH,), H+ 
181 (CH,CH,O),SiOH H+ 
163 (CH,CH,O),Si+ 
153 (CH,CH,O),Si(OH), H+ 
135 (CH3CH,0)2Si(OH)’ 
125 (CH,CH,O)SitOH), HC 
119 (CH,CH,O),Si H+ 
107 (CH,CH,O)SiIOH): 
97 Si(OH), H+ 
91 (CH,CH,O)Si(OH) Hi 
79 SXOH): 
63 Si(OHI, Ht 
29 (CH, = CH,) H+ 
2. 
3. 
transition state onto a formally unsaturated group 
and concomitant or subsequent cleavage of the p- 
bond. 
The origin of the product from the proposed precur- 
sor must be proven by a related metastable ion 
transition or unequivocal selection in a tandem mass 
spectrometry experiment. 
The specificity of the hydrogen transfer must be 
experimentally verified. 
Only a few cases are known where even-electron 
ions decay by a true McLafferty rearrangement. How- 
ever, the initial interpretation of the spectra gave evi- 
dence that the TEOS/TPOS fragmentation might be 
another example of this mechanism. 
From Scheme I it can be shown that a McLafferty 
rearrangement is possible, with the presence of a ‘y- 
hydrogen and the cleavage of the pbond, therefore, 
the first criterion is met. In order to confirm whether 
the second criterion was true, MS/MS and double 
collision cell MS/MS experiments were performed. 
The MS/MS (daughter ion) experiments provided the 
structural information on the fragments resulting from 
the [M + HI+ parent ion. The double collision cell 
MS/MS experiments used each daughter ion as a 
parent ion and fragmented it further to produce 
grand-daughters, thus aiding in the elucidation of the 
structure of the daughter (fragment) ions. Figures 3 
Table 3. Proposed structures of the daughter ions frnm 
TPOS CM + HI + 
m/z structure 
265 Si(OCH,CH,CH,), H+ 
223 (CH,CH,CH,O),SiOH H+ 
181 (CH,CH,CH,O),Si(OH& H’ 
139 (CH,CH,CH,0)Si(OHb3 H+ 
97 SdOH), H ’ 
79 Si(OH),f 
43 (CH,CH = CH,l H+ 
Scheme I. Proposed fragmentation uf TEOS by McLafferty rear- 
rangement. 
and 4 show the results of the double collision cell 
experiments for TEOS and TPOS, respectively. In each 
figure the “family tree” illustrates the parentage of the 
ions. It is evident that from each rearrangement 
daughter ion, another daughter/grand-daughter ion is 
evolved by way of a successive mechanism. For exam- 
ple, the daughter ion of m/z 181 in IEOS is the result 
of a single rearrangement with a single ethylene loss 
and the grand-daughter spectrum of the daughter ion 
of m/z 181 shows fragments of m/z 153, 125, and 97. 
Each of these fragments is also the result of successive 
ethylene losses from the original parent ion. The 
grand-daughter MS/MS spectra of the other suspected 
rearrangement daughter ions (m/z 153 and 125) each 
showed additional successive ethylene losses. 
Using a collision energy (E,) of 30 eV, the frag- 
mentation of both TEOS and TPOS was investigated as 
a function of increasing target thickness to further 
determine the origin of proposed rearrangement pre- 
cursor ions. Figures 5 and 6 show the variation of 
wb FH, p b Ali, w n G-4, Cn, 
tli. Ln, 
&I, 
bn, 
bn, &Ii. 
ml2 139 mllllll 
Scheme II. Proposed fragmentation of TPOS by McLafferty 
rearrangement. 
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Figure 3. Daughter and grand-daughter ions produced from the 
MS/MS and MS/MS double collision cell experiments using 
TEOS. An asterisk indicates that the ions are derived via a 
rearrangement mechanism. 
daughter ion intensity as a function of collision target 
gas. As the target thickness is increased from having 
the collision gas off to approximately 2.4 X 10’4 
molecules/cm2 the abundance of all fragment ions 
increased. As the target thickness was increased fur- 
ther the number of collisions that the molecule under- 
went increased to the point where multiple sequential 
rearrangements reactions occurred. In TSOS the inten- 
sity of ions with m/z 181, 163, 153, and 125 began to 
substantially decrease (see Figure 5a) with the inten- 
sity of ions of m/z 97, 79, and 29 showing an increase 
in intensity (see Figure 5b). (Recall that the ions with 
m/z 181, 153, and 125 represent successive losses of 
one, two, and three ethylene groups.) The increasing 
and finally leveling off of @al from m/z 97, 79, and 
29 while all other ions decrease in intensity indicates 
that these ions are effective terminations of fragmenta- 
tion sequences. 
The same fragmentation patterns are evident in the 
TPOS MS/MS daughter ion and double collision ceil 
MS/MS experiments, as in the TEOS experiments. This 
indicates that the TROS parent ion is undergoing frag- 
mentation by the same mechanism. The intensity of 
the peaks corresponding to m/z 223, 181, and 139 
(representing the first three successive propylene 
losses) all increase (see Figure 6a) up to a target gas 
thickness of approximately 2 X 1014 molecules/cm2. 
Then as the target gas thickness increases the effective 
end termination fragments (m/z 97, 79, and 43) in- 
crease in intensity at the expense of the earlier rear- 
rangement ions (see Figure 6b). Therefore, the results 
of these double collision cell MS/MS experiments (Fig- 
Figure 4. Daughter and grand-daughter ions produced from the 
MS/MS and MS/MS double collision cell experiments using 
TF’OS. An asterisk indicates the ions are derived via a rearrange 
ment mechanism. 
2 4 6 
TARGET THICKNESS (XlO”MOUCM*) 
TARGET THICKNESS (XlO’%OUCM ‘) 
Figure 5. (a) The variation of ion abundance with target thick- 
ness for the daughter ions of [M + HI+ from tetraethyl ortho 
silicate. Collision energy as 30 eV. (A) m/L 209, (0) m/z 181, (0) 
rnp 163, (a) m/z 153, (~1 rnp 125. (b) The variation of ion 
abundance with target thickness for the daughter ions of [M + 
HI l from tetraethyl ortho silicate. Collision energy as 30 eV. ( a ) 
m/z 209, (XI m/? 97, (+) m/“r 79, (0) rnfi 29. 
ure 4) illustrate that the daughter ions are fragmenting 
by the same process as the parent ions. 
This evidence fulfills the second criterion for the 
Mctafferty rearrangement suggested by Zollinger and 
Seibl. The family trees and the fragment ion intensity 
variation with target thickness indicate that each suc- 
cessive rearrangement ion has a precursor of a daugh- 
ter ion from the original [M + HI+ parent ion. 
In order to check the validity of the third criterion, 
namely the specificity of the hydrogen transfer, an 
isotopic label must be placed in the compound and the 
MS/MS daughter ion spectrum obtained in order to 
characterize the structure of the daughter ions. Deu- 
terium labeled TEOS and TPOS were synthesized with 
the deuterium atoms located in the rposition yield- 
ing D,,-TEOS, (CD,CH,O),Si, and D,-TPOS, 
(CH,CD,CH,O),Si. Once synthesized, MS/MS 
daughter ion spectra of the [M + HI+ ions were ob- 
tamed. Figures 7 and 8 show the MS/MS daughter ion 
spectra of D,,-TSOS, Cm./.. 2211, and Ds-TROS (m/z 
273), respectively. 
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IO' 
Cl 2 4 6 
TARGETTHICKNESS (%10’4MOUCM~ 
Figure 6. (a) The variation of ion abundance with target thick- 
ness for the daughter ions of [M + HI+ from tetrapropyl ortho 
silicate. Collision energy as 30 ev. (A) m/z 265, (X) m/z 223, (0) 
m/z 181, (01 M/Z 139. (b) The variation of ion abundance with 
target thickness for the daughter ions of [M + HI+ from te- 
trapropyl ortho silicate. Collision energy as 30 ev. (0) m/z 139, 
(*I m/z 43, Cm) m/z 79, (0) m/4 97. 
Figure 7. AI’CI tandem mass daughter inn spectrum of 
[M + HI’. m/z 221, from deuterated tctraethyl ortho silicate, 
(CD,CH,O),Si. 
170 190 210 230 250 270 
Figure 8. AXI tandem mass daughter ion spectrum of 
[M + HI+, m/s 273, from deuterated tetrapropyl ortho silicate, 
(CH,CD,CH,O),Si. 
The D,,-TEOS spectra does show successive losses 
of m/z 30 (CD, = CH,) illustrating that the y- 
hydrogen is involved in the rearrangement. But, in 
addition to the base peak at m/z 101 (Si(OD),H+), 
peaks surrounding the base peak are also present (m/z 
100, 99, and 981, indicating a mix of hydrogens and 
deuteriums in the end terminal rearrangement. This 
shows that the rearrangement mechanism is not spe- 
cific to the original y-hydrogen or that scrambling of 
the deuterium atoms within the alkane chain occurred 
before the beta bond cleavage. Upon close examination 
of the other rearrangement peaks in the daughter spec- 
tra (m/z 191, 161, 131) small amounts of nondeuter- 
ated rearrangement peaks are present for these ions. In 
the first ethylene loss, the nondeuterated peak (m/z 
190) accounts for 11% of this fragmentation. In the 
second ethylene loss, the nondeuterated peaks (m/z 
160, 159) account for 16% of this fragmentation. In the 
third ethylene loss, the nondeuterated peaks (m/z 130, 
129,128) account for 28% of this fragmentation. And in 
the final ethylene loss the nondeutcrated peaks (m/z 
100, 99, 98, 97) account for 50% of the fragmentation. 
The mix of hydrogens and deuteriums in each succes- 
sive rearrangement indicate that y-hydrogen/ 
deuterium is not solely involved in this fragmentation 
mechanism. 
The D,-TPOS daughter ion spectrum also shows 
evidence of successive propylene losses but not of the 
proper masses corresponding to a transfer of the origi- 
nal rdeuterium. The base peak in the spectra is m/z 
97 (Si(OH),H ‘) indicating no deuteriums in this 
daughter ion. There are several peaks that surround 
the base peak ( m/z 98,99, and 1001, indicating varying 
degrees of deuteration. Examination of each step in the 
successive rearrangements indicates that the r 
deuterium is not uniquely transferred in each rear- 
rangement. In the first propylene loss, lOD% of the 
rearrangement occurs without a deuterium. The sec- 
ond propylene loss occurs with a deuterium present in 
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only 40% of the fragmentation. In the third propylene 
loss, only 46% of the fragmentation have a deuterium 
present in the molecule and the final propylene loss, 
only 54% of the total have deuterium (l-4) present. As 
in the D,,-TEOS case, the mix of hydrogens and deu- 
teriums in each of the successive rearrangements indi- 
cates the ~hydrogen/deuterium is not the only species 
being transferred during the fragmentation. 
These results indicate that the third criterion sug- 
gested by Zollinger and Seibl has not been met to 
substantiate the claim that the rearrangements in the 
MS/MS daughter ion spectra of TBOS ‘and TPOS are 
due to simple McLafferty rearrangements involving 
the original rhydrogen. 
The other possible reaction mechanism considered 
was the formation of ion-neutral complexes. Hamish 
and Holmes [18] described gas phase ion-neutral/ 
ion-molecule/ion-radical/ion-dipole complexes as 
“species in which an ion and a neutral are bound 
chiefly by electrostatic forces.” Recent studies of gas 
phase ion chemistry show the importance of these 
ion-neutral complexes in reaction mechanisms in both 
electron ionization spectra and chemical ionization 
spectra using a variety of reagent gases [3, 4, 12-201. 
Cairns et al. also showed that successive ion-dipole 
complexes are responsible for the CI fragmentation 
pattern of propoxur, a carbamate pesticide [21]. The 
fragmentation of TBOS and TPOS may be further ex- 
amples of even electron fragmentation by way of mul- 
tiple and successive ion-dipole complexes. 
As an extrapolation from Hamish and Holmes’ 
study [IS] of ion-neutral complexes formed from ethyl 
phenyl ethers, and Morton’s study 1221 of alkyl phenyl 
ethers, we propose that TEOS and TPOS rearrange by 
ion-neutral complex formation as well. Scheme III il- 
lustrates the suggested mechanism for the fragmenta- 
tion of TROS using ion-neutral complexes. 
Evidence that ion-neutral complexes are involved in 
the TBOS fragmentation can be drawn from the calcu- 
lated (assuming complete randomization) versus ob- 
served hydrogen interchange data shown in Tables 4 
Table 4. Observed versus calculated distributions 
of hydrogen and deuterium in TEOS daughter 
ion spectra rearrangements 
DA-I Observed Calculated* 
m/z Distribution (%) (%I 
191 D 89 60 
190 H 11 40 
161 DD 82 36 
160 DH 16 48 
159 HH 2 16 
131 DDD 67 21 
130 DDH 28 43 
129 DHH 23 28 
128 HHH 0.4 6 
101 DDDD 50 
100 DDDH 38 
99 DDHH 10 
98 DHHH 1 
97 HHHH 0.1 
‘Based on CDJCHIO- as alkyl side chain. 
13 
34 
35 
15 
3 
and 5. (The calculated distributions were not corrected 
for carbon-13 contributions because the carbon-12 
species was always selected by the first mass spec- 
trometer in the MS/MS experiments.) Because the hy- 
drogen/deuterium distributions do not correspond to 
a specific transfer of the rdeuterium nor do they 
correspond to a random distribution, isomerization in 
the alkyl side chains must be occurring. This side chain 
isomerization has been attributed to the formation of 
Table 5. Observed versus calculated distributions 
of hydrogen and deuterium in TPOS daughter 
ion spectra rearrangements 
D/H Observed Calculateda 
m h Distribution (%I (%I 
230 D 0 25 
229 H 100 75 
187 DD 13 6 
186 DH 27 38 
185 HH 59 56 
144 DDD 0 2 
143 DDH 8 14 
142 DHH 38 42 
141 HHH 54 42 
101 DDDD 0 0.3 
100 DDDH 1 5 
99 DDHH 13 21 
98 DHHH 40 42 
97 HHHH 45 32 
‘Based on CtlJCD2CH20- BS alkyl side chain. 
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ion-neutral complexes [20]. In addition to side chain isomerization of the n-propyl to the iso-propyl takes 
isomerization, the alkyl side chain (neutral part of the place before metastable decomposition. McAdoo et al. 
ion-neutral complex) may undergo an “end-over flip” [31] showed that the hydrogen/deuterium transfer is 
[23] (where the neutral part of the complex rotates preferentially from the C, and C, for eliminations of 
l&30”), thus in the case of D,,TEOS, placing the CD, propene from n-propyl ions (rearrangement to the iso- 
deuteriums closer to the ether oxygen and the transfer propyl isomer making C, and C, equivalent). The 
of the deuteriums becomes preferential. This end-over 
flip may explain the observed high percentage of 
isomerization of the n-propyl side chain to the iso- 
propyl configuration occurs during the lifetime of an 
deuterated daughter ions in the D,,-TEOS MS/MS 
spectra (by placing the deuteriums in closer to the 
ionic part bf the complex), yet allow for the hydrogen 
transfer during the ethylene losses as well if the chain 
flips an even number of times. 
ion-neutral complex before fragmentation of the ion. In 
each of the four successive rearrangements resulting in 
propylene losses from Ds-TPOS, the ion which rel&- 
sents the transfer of a hydrogen is favored over the 
transfer of the deuterium (m/z 229, 185, 141, 97). 
Accordingly, for the base peak of the Da-TPOS spec- 
trum, m/z 97, no deuteriums were transferred during 
any of the four rearrangements. (Peaks at masses m/z 
98 and 99 are also present and show that in 50% of the 
four ethylene loss rearrangement only l-2 deuteriums 
were transferred during the rearrangements). 
Scheme IV illustrates the suggested mechanism for 
the fragmentation of TPOS using ion-neutral com- 
plexes and Table 5 shows the observed versus calcu- 
lated hydrogen/deuterium (H/D) distributions. Simi- 
lar to the D,,-TEOS data, the observed versus calcu- 
lated (based on random statistics) ratios of hydrogen to 
deuterium species in the daughter ions suggests that 
ion neutral complexes are involved in the fragmenta- 
tion mechanism. ln the Ds-TPOS spectrum the H/D 
ratios strongly favor the hydrogen transfer in the rear- 
rangement, unlike in D,,-TEOS where the deuterium 
transfer was dominant. In order for the hydrogens to 
be preferentially transferred, an isomerization of the 
n-propyl side chain must take place. N-propyl chain 
isomerization to an isopropyl or cyclopropyl complex 
Since the H/D ratios do not favor a transfer of the 
rhydrogen nor represent a random distribution, and 
others have observed the isomerization of propyl side 
chains, we suggest that the fragmentation of the TPOS 
parent ions also proceeds via ion-neutral complexes. 
Although both the TEOS and TPOS are fragmenting 
via ion-neutral complexes, the atoms transferred from 
the neutral part of the complex to the ionic part of the 
complex are different. In the D,-TPOS spectrum hy- 
drogen transfers are dominant and in the D,,-TEOS 
spectrum the deuteriums are the dominant species 
transferred. The deuterium transfer predominates in 
the D,,-TEOS spectrum due to the statistical domi- 
nance of deuteriums in the alkyl side chains (three out 
of five positions occupied by a deuterium). The deu- 
terium transfer is also preferential in the end-flipping 
of the side chain because the deuterium is placed 
closer to the ionic part of the complex. 
In D,-TPOS the statistics favor the hydrogen trans- 
fer over the deuterium transfer (two out of seven 
positions occupied by a deuterium) during the rear- 
rangement. In addition, if the n-propyl side chain 
s-b_ i,+cs,~c&cH, - R-O-y-OH-.GHD= C -C”, - CH.-CDi-cn,~b~slFoH 
should end-flip, a hydrogen would preferentially 
I transfer as both ends of the n-propyl chain are occu- 
: mhm R mh*s ? 
! 
pied by hydrogens. If the n-propyl side chain isomer- 
ized to the isopropyl configuration, then a deuterium 
CH, 
;D could transfer to the ion via the complex. In the event 
&D that fragmentation proceeds via an ion-neutral com- 
CJH OH 
Ha~&,<oH d HO&~OH 
plex and McLafferty rearrangements in tandem, then 
bH H’ + cWWH..S-~-O~ 
the hydrogens that were originally on the C-l and C-3 
WZW mh,D b positions isomerize to the yposition and will be pref- 
T e erentially transferred to the ion via the McLafferty H rearrangement. In summary, the side chains of the 
OH Y d ..-+ c CH,CD=rlm;,.HO-SrOH t 
)&r 
CcI,CD. s,co-&-0s Ds-TPOS parent ion may undergo an end-flip as well : I 
‘T w.0 
as isomerization into the isopropyl configuration. In 
SP 
7s’ AH, 
cp M”’ co, &, 
&I. 
addition, the greater number of hydrogens in the 
GY AK 
propyl side chain also favors the transfer of a hydro- 
lnhlld gen over a deuterium which accounts for the preferen- 
Scheme IV. Proposed fragmentation of TPOS by way of ion- tial transfer of the hydrogen instead of the deuterium 
neutral complexes. as in D,,-TEOS. 
before fragmentation was previously demonstrated [13, 
18, 24-261. The isopropyl isomer is the lowest energy 
configuration. Other studies also provide evidence that 
small chain hydrocarbons undergo unimolecular isom- 
erizations in the gas phase [24, 25, 27, 281 and under 
solvolytic conditions in the condensed phase [29, 301 
(indicating that the gas phase structures seen in this 
study may mimic the solution phase structures ob- 
served for SiO,). Audier et al. [5] showed that the 
p”, CH, 
!> 
AD, g 
/ f bn, 
cu. 
o..n* +i ,s..b . 
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Experiments using D,O as the reagent gas were also 
performed with both TEOS and TPOS to further deter- 
mine the composition of their respective daughter ions 
and fragmentation mechanisms. Figures 9 and 10 show 
the daughter ion spectra of TEOS and TPOS using D,O 
as the reagent gas. As in the H,O spectra the site of 
protonation is one of the ether oxygens as they are the 
most basic site on the molecules. The TEOS spectrum 
shows that there is no interchange between the ioniz- 
ing deuterium and the hydrogens on the alkyl side 
chains as each of the daughter ions from the D20 
experiment are only one mass unit different than its 
Hz0 counterpart. The ionizing deuterium is present on 
the ion throughout the sequential losses of ethylenes 
(m/z 182, 154, 126, and 98). Similar results were ob- 
tained by McMahon and Harrison [20] in a study of 
protonated ethyl esters where no exchange between 
the ionizing deuterium and the alkyl side chain took 
place when the fragmentation took place via ion- 
neutral complexes. 
However, when TYPOS is ionized with D,O, some 
interchange of the deuterium with the hydrogens on 
the alkyl side chain is observed. (This is why the 
statistics in Table 5 were calculated using eight total 
hydrogens or deuteriums that can be involved in the 
side chain scrambling. Figure 10 shows that there is a 
mix of H and D transfer for all of the ethylene losses 
(m/z 223/224, m/z 181/182, m/z 139/140, m/z 97/98, 
and m/z 43/44). Interchanges of this type have been 
observed in protonated ethanol [32] and protonated 
methyl isopropyl ether [33] and have been rationalized 
[34] using ion-neutral complexes as intermediates in 
the fragmentation of several protonated species [IS]. 
Morton [23] showed that as the size of the alkyl side 
chain increases it becomes more polarizable and the 
corresponding neutral fragment in the ion-neutral 
complex should be more strongly attracted to the ion. 
If the intermolecular distance between the ionic and 
neutral part of the ion-neutral complex is small, then 
the ionizing hydrogen/deuterium may migrate to the 
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Figure 9. AF’CI tandem mass daughter ion spectrum of 
[M.+ H]*, m/z 210, from tetraethyl ortho silicate using D,O as 
the reagent gas. 
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Figure 10. APCI tandem mass daughter ion spectrum of 
[M + HI+, m/z 266, from tetrapropyl o&o silicate using D,O as 
the reagent gas. 
alkyl chain and be intermixed with the original hydro- 
gens/deuteriums present in the side chain as the ion- 
neutral complex is formed. In the case of TEOS the 
side chain may not be polarized to the extent that the 
hydmgen/deuterium can overcome the intermolecular 
distances of the complex to transfer the hydrogen/ 
deuterium to the ethyl chain. The propyl side chain 
in TPOS must be polarized enough to allow for the 
ionizing deuterium to transfer to the alkyl side chain 
and have it mix with the original hydrogens/de 
uteriurns since both a deuterated and a nondeuterated 
daughter ion are present in the MS/MS spectra. Mor- 
ton [23] also showed that the hydrogen scrambling in 
the alkyl side chain is independent of the ionizing 
hydrogen/deuterium scrambling. 
All of this evidence suggests that TEOS and TPOS 
undergo fragmentation via ion-neutral complexes and 
not by a simple McLafferty rearrangement. The details 
involved in the ion-neutral complex fragmentation can 
only be completely verified by a large number of 
isotope labeling experiments followed by mass analy- 
sis. However, the mechanisms proposed herein fit well 
with the observed data. 
A variation of the ion-neutral complex mechanism 
may have some credence in the elucidation of the 
fragmentation mechanism of TBOS and TPOS. This 
variation combines the formation of an ion-neutral 
complex (allowing for the side chain isomerization) 
followed by the fragmentation via the McLafferty rear- 
rangement. This phenomena would yield the same 
observed data as seen in the MS/MS daughter ion 
spectra obtained in this study. McAdoo and 
Morton [19] and McAdoo [31] have shown that frag- 
mentation mechanisms involving ion-neutral com- 
plexes can occur in conjunction with other mechanisms 
to explain the overall fragmentation scheme of a 
molecule. But at this time it may be impossible to 
devise experiments to differentiate between the frag- 
mentation by ion-neutral complexes and the combina- 
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tion of ion-neutral complexes and McLafferty type 
rearrangements. 
Conclusions 
Taking into consideration all of the data gathered in 
this study, it appears that the protonated TEOS and 
TPOS molecules undergo fragmentation via a rear- 
rangement reaction that is not a true McLafferty rear- 
rangement with hydrogen specificity to the original 
r-hydrogen. These molecules failed to meet all of the 
criteria suggested by Zollinger and Seibl in establish- 
ing proof of a true McLafferty rearrangement. The 
evidence presented in this study indicates that the 
fragmentation proceeds via a series of ion-neutral com- 
plexes. 
Other types of ethers and esters (e.g., phosphonates) 
[35] also have neutral fragment losses that superficially 
might be assigned to a McLafferty type rearrangement 
under APCI and low energy CID experiments. It is 
quite possible that those reactions may also be ex- 
plained more correctly by an ion-neutral complex route 
of decomposition. These ion-molecule reactions of 
TEOS and TPOS with hydronium ions under AK1 
conditions yield species similar to those found in the 
solution phase reactions of TEOS with water in the 
formation of silica gels under acidic conditions [l, 21. 
(Specifically ions with m/z 181, 153, and 97.) Since 
parallels exist between gas phase ion chemistry and 
solution phase ion chemistry, it is likely that the ion- 
neutral complexes may contribute to the hydrolysis of 
TEOS and TPOS in the solution phase as well. 
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